Abstract We determined the focal-mechanism solutions for earthquakes with magnitude M L ≥ 4:0 that occurred in the Taiwan region between 1991 and 2005. Firstmotion polarities of P waves recorded at over 700 seismic stations in Taiwan were used. Because of the large number of events and stations involved, we implemented the genetic algorithm in a nonlinear global search for the focal-mechanism solutions. The algorithm was tuned and validated through synthetic tests. We finally determined the focal mechanisms of 1635 events with good qualities among 4188 earthquakes. Focal-mechanism solutions for a majority of the earthquakes display a dominant pattern of thrust-fault type reflecting the compressive stress field due to the plate collision. Normal-fault events occurred at intermediate depths in subduction zones, which is likely the result of the bending of the subducting slabs. Strike-slip faults are also found within the Eurasia plate around the Peikang Basement High and in collision zones near Ilan where the geometry of the colliding plates is complex. Our study provides a database of focal mechanisms for studying seismogenic structures and plate tectonics. This database can also be used by structural seismologists to compute synthetics for waveform tomography studies.
Introduction
Taiwan is situated in one of the most tectonically and seismically active regions in the world. It is the place where two plates, the Eurasian and the Philippine Sea plates, collide with each other. Along the Ryukyu trench in the east, the Philippine Sea plate plunges northward under the Eurasian plate. To the south of the island of Taiwan in the South China Sea, the Eurasian plate subducts eastward under the Philippine Sea plate. Figure 1 is a schematic diagram showing the major geologic settings in the region. The Longitudinal Valley (LV) in southeast Taiwan is the suture zone between the Eurasian and the Philippine Sea plates. This suture zone separates Taiwan into two major tectonic provinces. The eastern side consists of the Coastal Range and several volcanic islands and is the leading edge of the Philippine Sea plate. The western province is part of the Eurasian continental shelf (Ho, 1999) and can be classified into four northnortheast-south-southwest-trending geological belts. They are, from west to east, the Coastal Plain, the Western Foothills, the Hsueshan Range, and the Central Range.
As a result of the regional tectonic activities, most parts of Taiwan have been under a northwest-southeast compression with a convergence rate of about 8 cm=yr (Yu et al., 1997) . The Taiwan orogeny, started around 4 Ma (Suppe, 1984) , is relatively young on the geological time scale. The high rate of crustal deformation leads to strong seismic activity, with hundreds of earthquakes of magnitude 4 and above every year. These abundant, moderate-sized earthquakes provide a good natural laboratory to study both the earth structure and the earthquake sources. Determining the focal mechanisms of these moderate-sized earthquakes is not only a seismologically challenging task, but it can also provide information on the state of regional tectonic stress and the seismotectonic environment. A systematic focalmechanism catalog can also be used in other applications such as waveform tomography.
The polarities of P-wave first motions can be used to determine the focal mechanisms of a large number of earthquakes efficiently. It is, however, a nonlinear optimization process. Commonly used methods are the iterative gradient search (Udias and Buforn, 1988) and grid search algorithms (Snoke et al., 1984; Reasenberg and Oppenheimer, 1985; Snoke, 2003) , although both have their difficulties. The problem with the iterative gradient search is the existence of local minima, while the grid search option can avoid the problem of local minima but is computationally expensive for high-resolution studies. Thus, an efficient and economic global search algorithm is necessary.
The genetic algorithm (GA) is one of the powerful, established tools for nonlinear optimization problems. Proposed in Holland (1975) , it has become a fully developed approach to nonlinear optimization (e.g., Goldberg, 1989; Davis, 1991; Sen and Stoffa, 1995) and has been applied to a variety of scientific problems. It has also been widely used in seismology on waveform inversions (e.g., Sambridge and Drijkoningen, 1992) , earthquake locations (e.g., Sambridge and Gallagher, 1993; Billings et al., 1994) , crustal structure investigations (e.g., Zhou et al., 1995a; Yamanaka and Ishida, 1996; Bhattacharyya et al., 1999; Chang et al., 2004; Lawrence and Wiens, 2004; Pezeshk and Zarrabi, 2005) , and focal mechanism and other source parameter estimations (e.g., Kobayashi and Nakanishi, 1994; Yin and Cornet, 1994; Zhou et al., 1995b; Sileny, 1998; Koper et al., 1999; Jimenez et al., 2005) .
The genetic algorithm was first used in determining the focal mechanisms from the first-motion polarities of P waves by Kobayashi and Nakanishi (1994) , and since then, many researchers have investigated the retrieval of the focal mechanism as a deviatoric moment tensor based on the GA method (e.g., Yin and Cornet, 1994; Zhou et al., 1995b; Sileny, 1998; Koper et al., 1999) . Here, we adopt the same technique to systematically determine the focal mechanisms of moderatesized earthquakes in Taiwan, where ∼18; 000 events have been recorded digitally every year since 1994 in a region of about 400 × 550 km by the Taiwan Central Weather Bureau Seismic Network (CWBSN). This huge dataset provides a great challenge and an excellent opportunity for us to use the GA method to determine the focal mechanisms for seismotectonic studies.
As a global search algorithm, the genetic algorithm is not a fail-safe method in finding the global minimum. Some careful considerations are necessary in determining the parameters involved in the GA method. In the next two sections, we briefly describe the procedures in our implementation of the GA method and the synthetic tests for configuring the genetic algorithm for the purpose of focal-mechanism determination. Then we present the solutions obtained by our GA method to the first-motion focal mechanisms for M L ≥ 4 earthquakes in the Taiwan region and discuss their regional seismotectonic implications.
The Genetic Algorithm Goldberg (1989) provides a comprehensive description of the genetic algorithm, which is adopted in our study. The algorithm involves three operators of the natural selection, namely the reproduction, crossover, and mutation. The algorithm can be summarized as follows:
1. Generate the first generation. 2. Decode: In achieving the focal-mechanism resolution up to 1°, 25 bits are used to represent the fault-plane parameters: strike (0°to 360°), dip (0°to 90°), and rake ( 180°to 180°), which occupies 9 bits, 7 bits, and 9 bits, respectively. The best resolution is up to about 0.7°. 3. Evolution: We keep a few percent of parents with the best fitness for reproduction. The fitness (fit) is defined by the agreement of the first-motion polarities. Its range is from 0 for no agreement to 1 for a complete match. Three-point crossover is used in this study for considering three fault-plane parameters. The parents are randomly selected from among the 50% good fitness in the last generation. The mutation causes some bit reversal from 1 to 0 or 0 to 1 during the crossover process. We repeat this procedure until the maximum generation is reached. The population and maximum generation, and the percentage of reproduction, crossover, and mutation are determined from synthetic tests. 4. Output the result with the best fitness, and estimate its uncertainty and solution quality. First we identify solution clusters, check the solutions by considering the main planes and auxiliary planes, and remove redundant solutions. We determine the mean of each cluster and treat it as the result and then calculate the 2 S.D. as the uncertainty. Well-constrained data have only one solution cluster with a small uncertainty. Poorly constrained data generally produce a large uncertainty. We also define a quality index, Q fp , for the final solution
where Q gap 180 gap=90 for gap ≤ 180, and Q gap 0 for gap > 180; Q fitness fit 0:7=0:15 for fit ≥ 0:7, and Q fitness 0 for fit < 0:7; Q readings Nr 10=20 for 10 ≤ Nr ≤ 50, Q readings 0 for Nr < 10, and Q readings 2 for Nr > 50; and Q polarity 0:5 jN up =Nr 0:5j=0:25. Here, gap is the largest azimuthal separation in degrees between two adjacent first-motion polarities projected on the Lambert-Schmidt equal-area projection circle, Nr is the total number of polarity readings, and N up is the number of compressional polarity readings. Generally, Q fp 0 is a no-constraint solution, and Q fp > 1 is considered a good solution. Figure 2 gives four examples of focal mechanisms with different qualities.
The aforementioned procedure forms the optimization part of the algorithm for determining focal mechanisms. We used the 3D pseudobending ray-tracing algorithm (Thurber, 1993; Thurber and Eberhart-Phillips, 1999) in predicting the polarization of the P-wave first motions.
Synthetic Tests
The GA is not a fail-safe method in finding the global minimum. The parameters have to be tuned according to particular problems at hand. For this purpose, we conducted a test of 1000 synthetic events to find the optimal parameters that provide reliable focal-mechanism solutions. Each synthetic event contains 100 polarities randomly produced from a fault-plane solution under the condition that the coverage gap is less than 180°and that the percentage of upward (compressional) first-motion polarities is between 10% and 90%. We calculated the average number of search times required for finding the exact solutions for the 1000 synthetic events using various combinations of the parameters involved. We started with different populations under the fixed condition of 5% reproduction rate, 55% crossover, 40% mutation, and 3-bit reversal for each mutation. The test results are shown in Figure 3 . We found that the population of 800 had the mini- Figure 2 . Four focal-mechanism solutions with different quality indices. (a) A solution with a very low quality index value due to a large GAP, poor polarity fitness, and a small number of the dilatational first-motion readings; (b) a solution of a low-quality index value due to a small number of compressional first-motion readings; (c) a relatively poor polarity fitness results in a low-quality index value; (d) an example with a very good constraint. mum average number of search times. Then we used the fixed population of 800 to find the optimal reproduction rate of 3.6%. Next, we found that reversing 3 bits for each mutation and a mutation rate of 72% are the best parameters for mutation. Finally, we determined the pure crossover rate to be 24.4%. Under these parameters, an average of 3746 searches were needed to find the best solution. Based on this testing result, we set the value of maximum generation to 20 with about 16,800 search times for practical operation. This number is sufficient to find the best solution, and it takes only a few seconds of computation time for each event.
We also carried out a comparison of the fitness and the central processing unit (CPU) times between our GA approach and the FPFIT program by Reasenberg and Oppenheimer (1985) using a 2°grid for 1635 events in Taiwan (Ⓔ  see Table 2 in the electronic edition of BSSA). On a Pentium®4 PC with 2.40 GHz processor, our method took about 24 min, with an average fitness of 0:97 0:04. On the other hand, the FPFIT took 1632 min with the same average fitness of 0:97 0:04. This comparison demonstrates conclusively the efficiency and effectiveness of our GA approach to the determination of first-motion focal mechanisms.
Results: Focal Mechanisms of Taiwan Earthquakes
In this study, we used the first-motion polarities from the CWBSN and the Taiwan Strong Motion Instrumentation Program (TSMIP). The CWBSN consists of 71 real-time velocityrecording stations, whereas ∼680 free-field strong-motion stations form the TSMIP network. Figure 4 depicts the station distributions of two networks.
Before applying the genetic algorithm to determine the focal mechanisms, we first relocated all the events using a new regional 3D model and the P-and S-wave arrival times from CWBSN stations and the S-P times from TSMIP stations. Details of the regional 3D model can be found in . Relocation of all events between 1991 and 2005 using the 3D model will be presented in a separate publication (Wu et al., 2008) .
Our target in this study is to determine the focal mechanisms of earthquakes with M 4 and above. Between 1991 and 2005, there were a total of 4188 such events, among which 2090 have P-wave first-motion polarity readings less than 10 or gap > 180°. We further rejected events with Q gap · Q readings · Q polarity < 0:1, which resulted in a total of 1824 events for which we used the GA method to determine the focal mechanisms. In general, most of events are inland or near offshore. Offshore events with large gap generally cannot be well determined. The solutions for 32 events with M L ≥ 6:0 are listed in Table 1 . Figure 5 shows the average uncertainty of the strike, dip, and rake versus Q fp of the 1824 events. The overall trend is that a better quality has a smaller average uncertainty, and vice versa. Most of uncertainties are less than 30º, and the mean of average uncertainty is 18º with a standard deviation of 13º. In addition, we provide the list of the 1635 events with average uncertainties less than 45º in Ⓔ Table 2 in the electronic edition of BSSA.
Focal mechanisms of the shallow events were plotted in Figure 6 . It can be seen that most of the earthquakes in Taiwan are dominated by thrust faulting. Here, to facilitate the understanding of the characteristics of regional tectonics, we discuss these focal mechanisms in the context of the four different seismogenic zones .
1. Western Seismic Zone: The region is located in the Eurasian plate. Most of the earthquakes occurred in this zone can be associated with active faults in the western foothills. There have been large disastrous earthquakes in this region such as the 1999 Chi-Chi earthquake occurred in central Taiwan (Wang, 1998; Chang et al., 2000; Yu et al., 2001; Hsu, 2003; Chang et al., 2007) . Many earthquakes in this region are related to the Chi-Chi aftershock sequence. The distribution of seismicity in this region can be related to the Peikang Basement High (e.g., Mouthereau et al., 2002) , a high velocity barrier in western Taiwan as indicated in Figure 7 that shows the Vp perturbation at depths between 17 and 21 km, the seismicity with M L ≥ 3:0, and focal depths less than 30 km . To examine regions with earthquake clusters, we plot the trend of compressive axes as well as the faulting types based on the focal-mechanism results and the stress analysis. The analysis of the regional stress field was conducted using the algorithm developed by Michael (1984 Michael ( , 1987 based on minimizing the misfit of each fault-plane solution's both nodal planes to the best-stress tensor to determine the orientation of the principal stresses. The study area was divided into a grid of 0:25°× 0:25°, and we used at least 10 earthquakes within a box of about 50 × 50 km to estimate the principal stress axes. In order to define the meaningful confidence region in the stress tensor inversion, we used a bootstrap method by resampling the data 200 times to generate 200 new datasets to conduct the stress tensor inversions. The surface-projected σ 1 and σ 3 axes within the 68% confidence region are plotted in Figure 8 . We find that the thrust events are dominant, but there are strike-slip faulting as well, consistent with a northwestsoutheast trending compression. A few normal-type focal mechanisms can be found close to west coast region, and many shallow earthquakes with normal-faulting mechanisms occurred in the central range (on the eastern boundary of this zone). We suggest that it is an indication of compressional pop-up structures (Kuochen et al., 2004) , considering the ongoing mountain building in Taiwan and that the region is bounded by thrust faults. The western central range is bounded by a well-known thrust faults system, including the Chelungpu fault. The eastern boundary of the central range is the LV. Surface geology and geomorphology (Biq, 1965; Shyu et al., 2006) suggest the existence of a west-dipping thrust-fault bounding the western margin of the LV. A modeling test on the Global Positioning System (GPS) data (Johnson et al., 2005) and a study on the seismogenic fault of the 2006 Taitung earthquake also support this suggestion. The trend of the maximum horizontal stress in a collision zone such as the Taiwan orogeny generally corresponds to the maximum compressive stress axis, σ 1 . From the earthquake focal mechanisms with depth less than 30 km, we estimated that the plunge of σ 1 is close to horizontal, and the trend of σ 1 has a fan-shaped pattern (Fig. 8) in this region. The result is in agreement with earlier studies based on the focal mechanisms of 200 earthquakes (Yeh et al., 1991) , borehole breakouts (e.g., Suppe et al., 1985) , fault-slip data (e.g., Angelier et al., 1986) , and the principal shortening direction derived from the GPS velocity field (Bos et al., 2003; Chang et al., 2003) . However, there are certain areas near the northern (∼121:3°E, 24.3°N) and southern (121°E, 23°N) tips of the central range, where σ 1 axes are close to vertical, indicating normal faulting with northeastsouthwest extension (Fig. 8) . In addition, the intermediate stress axis, σ 2 , seems to vary significantly from north to south in western Taiwan. The σ 2 axes are close to vertical near the northern and southern ends of the 1999 ChiChi coseismic rupture, corresponding to the observed strike-slip faults on the surface (Lee et al., 2002) and the seismogenic structures revealed by previous studies (Kao and Chen, 2000; Kao and Angelier, 2001) . Areas near the Chi-Chi epicenter show mainly thrust faulting with vertical σ 3 axes. In the Chiayi and Tainan regions, either σ 2 or σ 3 is close to vertical, suggesting the exis- sult of the opening of the Okinawa trough and the collision between the Philippine Sea plate and the Eurasia plate. The trend of tensile axis is close to northwestsouthwest near Ilan plain (Fig. 8) . Thus, focal mechanisms in this zone vary from thrust and strike-slip faulting in the south (Hualien), to normal faulting in the north (Ilan). 4. Southeastern Seismic Zone: This seismic zone is mainly caused by the collision of the Eurasia plate and the Luzon island arc on the Philippine Sea plate. As shown in Figure 7, a high P-wave velocity region is associated with the Philippine Sea plate. Because of the active collision between the continent and the island arc, most of the seismic activity in the Taiwan region, including many large earthquakes, occurs in this area (Wang, 1998) with primary thrust-type faulting (Kuochen et al., 2004; Wu, Chen, Shin, et al., 2006) . However, because of the bending of the Philippine Sea plate (Kuochen et al., 2004) , normal faulting is perceptible as well. In the Lanyu region, some deeper earthquakes are associated with the subduction of the South China Sea block of the Eurasian plate. The deformation inland is mostly confined in the LV with the left-lateral oblique faulting such as the 2006 M w 6.1 Taitung earthquake . The stress tensor inversion shows that the orientation of either σ2 or σ3 is close to vertical in this region. In addition, we find the trends of σ 1 axes are rotated along the LV from 135°N in the northern LV to 115°N in the southern LV (Fig. 8) . The counterclockwise rotation of the σ 1 axis along the LV from north to south may imply the spatial variation of fault slip in this region.
In southern Taiwan, we also find a clear counterclockwise rotation of the σ 1 axis, from 135°N near Taitung on the east coast to 80°N near Tainan on the west coast (Fig. 8) . The change of stress orientation is likely related to the different state of stress in different geological provinces, that is, strong slate in the central range versus weak and thick mudstone in southwest Taiwan. An alternative explanation is that the variation of stress orientation could be related to different fault zones, such that the deformation is accommodated by the LV and the strike-slip faults (e.g., the Chishan fault) in southeast and southwest Taiwan, respectively. Moreover, studies from sand box experiments and structural evidence suggest that the tectonic escape of southwest Taiwan may be another explanation for the complexity of stress orientation (Lu and Malavieille, 1994) .
Many studies based on limited focal mechanisms have been conducted in the past in Taiwan tectonics (Kao, Jian, et al., 1998; Kao, Shen, and Ma, 1998; Kao and Rau, 1999; Chou et al., 2006) . Focal mechanisms determined in this study provide an alternative database for the study of subduction systems. Figure 9 shows the seismicity and focal mechanisms in a northwest-southeast-trending profile in northeastern Taiwan. Several major features can be identified in this profile. At focal depths less than 50 km, the predominant pattern is a thrust-type focal mechanism. However, as we mentioned in previous sections, strike-slip and normalfault mechanisms also occur due to the plate collision. At depths between 50 and 90 km, there is a simple down-dip extensional regime, along the maximum tensile axis in the down-dip direction of the plunging slab (Kao and Chen, 1991; Kao, Shen, and Ma, 1998; Kao and Rau, 1999) . At the depth of about 80 km, the average dip of the slab changes slightly from 40°-50°to a steeper dip of about 60°. At depths larger than 120 km, the focal mechanisms seem to shift to down-dip compression. However, due to the lack of firstmotion polarity data for intermediate-depth earthquakes, we were only able to determine only few focal mechanisms in this study. Figure 10 shows the comparison of the focal mechanisms for large events determined by this study with those in the Harvard CMT Catalog, the USGS (Sipkin) momenttensor catalog, and determined through moment-tensor inversions by the Broadband Array in Taiwan for Seismology (BATS) (Kao, Jian, et al., 1998; Kao and Jian, 2001 ). Generally, there is a good agreement among the results by different studies. The discrepancies are expectable given that our solutions obtained from first-motion polarities reflect the high-frequency behavior of the initial ruptures of the earthquakes, while Harvard and BATS solutions are obtained from long-period waveforms and are more representative of the average behavior of the entire sources. However, it is worth noting that for earthquakes near the Okinawa Tough (marked by stars in Fig. 10 ), solutions from first-motion polarities are close to normal faults, as opposed to strike-slip faulting in Harvard and BATS catalogs. The result of one event from the USGS (Sipkin) moment-tensor catalog is also a pure normal fault. This could be due to source ruptures of those three earthquakes, which may have larger highfrequency contents in their initiations. The USGS (Sipkin) moment-tensor solutions are obtained from relatively shortperiod P waves. This may be the explanation of why our results are closer to the USGS (Sipkin) solutions. Further studies are needed for those earthquakes.
Conclusion
In this study, we have implemented the GA method. Synthetic tests were conducted to yield an efficient algorithm that provides reliable focal mechanisms. The algorithm also applies to the determination of first-motion focal mechanisms of earthquakes with magnitudes M ≥ 4 in the Taiwan region.
First-motion polarities from the CWBSN and TSMIP were used to determine the focal mechanisms of about 1635 earthquakes. The overall feature shows the thrust-type focal mechanisms and reflects the compressive stress regime due to the plate collision. The trends of the σ 1 axis are in general consistent with the plate convergence direction of about 119°N (Seno et al., 1993) across the central half of the island of Taiwan. Normal-faulting events at intermediate depths off the coast of southern Taiwan are likely due to the bending of the subducting slab. Strike-slip faulting within the Eurasian plate and in collision zones is associated with the complex geometry of the colliding plates (Ilan). In addition, strike-slip faulting can be seen in the transfer zones such as northern and southern Chi-Chi ruptures as well as in southwest Taiwan. The focal mechanisms obtained here provide a database for the studies of seismogenic structures and plate tectonics. This database can also be used by structural seismologists to compute synthetics in waveform tomography studies.
Although in our implementation of the genetic algorithm we have used the polarities of first motions to determine the focal mechanisms, it can be easily adapted to using waveforms by changing the polarity fitness to the waveform fitness, which will be more useful in regions of poor station coverage. The computer program is written in Fortran 90 and is publicly available by request (contact Y.-M. Wu).
